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Introduction
Nutrition underpins complex life-history traits that determine individual fitness and impact on evolutionary processes . Recent advances in nutritional ecology show how an animal's diet can differently influence the expression of key life-history traits, leading animals to trade off between optimizing multiple traits simultaneously (e.g., Bunning et al. 2015 Bunning et al. , 2016 Morimoto and Wigby 2016; Rapkin et al. 2018) . In insects, for instance, life span is typically enhanced on high-carbohydrate diets, whereas reproduction is maximized on high-protein diets (e.g., fruit flies [Lee et al. 2008; Fanson et al. 2009; Reddiex et al. 2013; Jensen et al. 2015; Semaniuk et al. 2018] , crickets [Maklakov et al. 2008] ). Immunity and reproduction also display complex species-specific differences in nutritional requirements (e.g., moths ], fruit flies , crickets [Rapkin et al. 2018] ; reviewed in Ponton et al. 2011; Schwenke et al. 2016) . Even traits related to different stages of reproduction can have specific nutritional requirements that are not attainable simultaneously (fruit flies [Reddiex et al. 2013; Jensen et al. 2015; Morimoto and Wigby 2016] , cockroaches [Bunning et al. 2015] , beetles ). Measuring these nutritional trade-offs is challenging because it requires the separation of the potential confounding effects of energy intake and nutrient balance in determining the expression of traits. Only by controlling for these confounding effects is it possible to identify the specific food components required for the expression of one trait over another (Stearns 1989; Roff 2002; Hunt et al. 2004) .
In recent years, concepts of nutritional geometry (also known as the geometric framework for nutrition; Raubenheimer and Simpson 1993; Raubenheimer 1993, 2012) have been increasingly used to experimentally generate performance landscapes on which the expression of a fitness trait can be mapped onto a nutrient space defined by the intake of two or more nutrients, a powerful approach to disentangle the effects of nutrient and energy intake on the optimal expression of traits (e.g., Lee et al. 2008; Maklakov et al. 2008) . Nutritional geometry has provided key insights into the nutritional factors underpinning a wide variety of physiological and behavioral phenomena across taxonomic groups, feeding guilds, and ecological contexts (e.g., Trumper and Simpson 1993; Simpson et al. 2010; Lihoreau et al. 2015; Raubenheimer and Simpson 2018) , including in human societies (Gosby et al. 2014) . In most cases, nutritional trade-off analyses were performed using simple experimental designs (i.e., two-dimensional nutrient spaces) and based on the visual inspection of peaks in performance landscapes . However, with the fast development of nutritional geometry studies in ecology and evolution, powerful analyses are needed in order to accurately assess nutritional trade-offs in complex nutrient spaces (i.e., high-dimensional data) and compare trade-offs within and between species. For instance, studies have begun to investigate the effects of individual amino acids (rather than full proteins) on the expression of fitness traits (e.g., Grandison et al. 2009; Arganda et al. 2017; Piper et al. 2017 ). This systematic assessment of protein components (and eventually other nutrients) results in nutritional geometry landscapes with dozens of dimensions, for which visual inspection is impossible. Furthermore, applications of nutritional geometry in biological and health-related research have raised the need for accurately quantifying and comparing patterns of variations across performance landscapes, such as, for instance, regions where performances reach their highest (i.e., "peaks") but also their lowest (i.e., "valleys") points. The possibility of identifying peaks and valleys is crucial for estimating the best and worst diets involved in the onset, progression, and/or treatment of diseases (e.g., Gosby et al. 2014; Solon-Biet et al. 2014 Simpson et al. 2017a Simpson et al. , 2017b . Developing a standard quantitative method for analyzing these nutritional data has therefore become a key issue for comparative research and for investigating the role of nutrition in the evolution of physiology and behavior . Bunning et al. (2015) and Rapkin et al. (2018) recently proposed a method for calculating the angle and distance between the peaks of fitness traits in two-dimensional nutrient spaces (henceforth referred as the angular method; see the description in "Material and Methods" and fig. 1A-1G ). This method is based on the representation of performance landscapes as vectors of slopes and has been applied to measure nutritional trade-offs between immunity and reproduction as well as between different reproductive traits within species (Bunning et al. 2015 (Bunning et al. , 2016 Rapkin et al. 2016 Rapkin et al. , 2018 . Using vectors of slopes permits estimates of the strength of nutritional trade-offs that are prohibitively higher than the upper limit allowed in nutritional geometry studies, potentially resulting in mismatching expectations of the real strength of the nutritional trade-offs in performance landscapes. While this is a workable solution for simple nutritional designs, the potential risk of misinterpretation of performance landscapes may rapidly become more significant as the analyses become more complex-for instance, in the context of comparative studies, when multiple performance landscapes must be compared, or in studies using more complex (highdimension) nutritional spaces. Additionally, this method uses regression models to estimate nutritional trade-offs, which does not allow for the identification and comparison of other key features of the performance landscapes, such as valleys, and therefore overlooks important information about how performances vary across the entire landscape.
To address these limitations, we build on the angular method and introduce a generalized vector-based approach to accurately measure and compare nutritional trade-offs in multidimensional performance landscapes while allowing for analyses of novel landscape parameters: the vector of position approach. First, we show that this novel approach provides an accurate measure of the angle between the peaks and valleys of the traits and an in-depth description of the nutritional trade-offs using a landmark data set on life spanreproduction trade-offs in Drosophila (Lee et al. 2008) . Second, we use simulated data to illustrate how the vector of position approach can be generalized to more complex highdimension nutrient spaces, allowing for the comparison of the trade-offs in studies with three or more nutrients. Third, we show how our analyses can be applied for between-species comparisons, using published data sets on life span-reproduction trade-offs in two fruit fly species (Lee et al. 2008; Fanson et al. 2009 ).
Material and Methods

Overview of the Two Methods
The Angular Method. The angular method uses vectors to describe the relationship between nutrient intake and the expression of traits and measures the angle between the vectors to infer the presence and strength of nutritional trade-offs (Bunning et al. 2015) . To obtain the coordinates of the vector, the first step is to fit a linear regression of the trait onto the intake of each nutrient of interest, forcing the intercept to zero. The slope estimates for the intake of each nutrient onto the performance trait (e.g., life span) become the coordinates of the vector. For example, if we consider two nutrients-for example, protein (P) and carbohydrate (C)-we have a regression,
where the slopes b P,i and b C,i -the linear slopes of P and C onto the performance trait i-are used as the components of a two-dimensional vector,
In a simple example with two traits-trait A and trait Bwith peaks in different regions of the nutrient space ( fig. 1A , 1B), the vectors of slopes can be defined as follows ( fig. 1C ):
Trade-Offs in Life-History Traits E169 Each of these vectors of slope can be considered as a summarized description of the relationship between the intake of P and C and the expression of traits A and B, respectively. It is then possible to compare these vectors by calculating the angle v 0 formed between the → a A and → a B vectors, as shown in figure 1C , as
where k 0 is a measure of difference (i.e., angular distance) between the vectors of slope associated with performance traits, v 0 has been used as a measure of the strength of the nutritional trade-off underlying the expression of these traits (Rapkin et al. 2018) . Note that v 0 can assume values between 07 and 1807. The closer the value of v 0 is to 07, the more aligned the peaks in the nutrient space are expected to be; the closer the value of v 0 is to 1807, the more distant the peaks are located in relation to each other (Rapkin et al. 2018) . fig. 1D ), the slope of C intake is positive (i.e., eating more C increases the performance trait), while the slope of the P intake is negative (i.e., eating more P decreases the performance trait; fig. 1D ). This property will be explored to estimate the strength of the nutritional trade-offs using the vector of position approach (see "Results").
It is important to note that the estimates of the slopes b P,i and b C,i can assume any value in the real range (i.e., positive, negative, or zero values), meaning that the vectors → a i p (b P,i b C,i ) can exist in any of the four quadrants of the Cartesian plane (see fig. 1D ). However, in nutritional geometry, the nutrient space, which is the region in which the performance landscape exists, is defined only within the range of positive numbers . In other words, the nutritional space exists only in the first quadrant of the plane, and it is impossible for the performance landscape to exist outside the first quadrant of the Cartesian plane because there is no "negative" intake of any nutrient. Therefore, vectors with negative coordinates are undefined from the point of view of the nutrient space, and any measure of distance between vectors with negative components cannot represent the true angle between the peaks observed in the performance landscapes.
In addition to v 0 , Rapkin et al. (2018) extended the angular method to include estimates of the Euclidean distances d 0 between the peaks of two traits in the nutrient spaces ( fig. 1E ). The Euclidean distance measures the shortest distance between one point and another in the nutritional landscapes (e.g., the distance between two peaks; see fig. 1E ) and can be calculated as
or according to geometrical laws (Heath 1956 ):
where P * i and C * i are the P and C coordinates of the peak in the performance landscapes of trait i, 1G ). We discuss the validity of equation (5b) in the angular method in the next section (see below).
The Vector of Position Approach. The vector of position approach is an extension of the angular method that builds on the representation of performance landscapes through vectors while removing potential confusions regarding the interpretations of the angle v 0 (see above) by using vectors of positions → p i instead of vectors of slopes. Here, the coordinates of the vector are the point coordinates of the peak in the performance landscape (see, e.g., the OptimaRegion package in R [del Castillo et al. 2016 ] for this purpose). In the vector of position approach, the coordinates of the vector of position → p i can also be the point coordinates of the valleys in the performance landscape, meaning that this new method allows for the comparisons of nutritional trade-offs that maximize and/or minimize performance landscapes (for an example of this application, see "Results").
The point coordinates of the peak in performance trait expression are P * and C * , whereby P * and C * are the P and C intake, respectively, that maximize the trait. The vector of position → p i can thus be represented as
where i is the performance trait. Using the example above, the position vectors for traits A and B are as follows (see fig. 1H ):
Having defined the coordinates of the position vectors, it is possible to calculate the observed degree of separation-the angle v-between the vectors
Using the vectors of positions guarantees that → p A and → p B always lie in the defined region of the performance landscape (i.e., the first quadrant of the Cartesian plane). An angle v p 907 would represent trait performance peaks that are located at the exact opposite ends of the nutrient space but still within the first quadrant. This is important when the intake of a nutrient is inversely correlated with the expression of the trait being analyzed since in these cases the slope of the nutrient onto the performance trait expression b i is negative and the vector of slope → a (as considered in the angular method) would lie in the second, third, or fourth quadrant of the Cartesian plane, which is outside the defined region of the nutrient space (as described previously).
Once v is calculated, we can calculate the Euclidean distance d between the peaks of two traits as follows (see fig. 1H ):
The law of cosines (Heath 1956 ), which calculates the length of the side of a triangle from the value of two sides and the cosine of the angle between them, formalizes the relationship between v and d. Note, however, that the law of cosines cannot be used to calculate d 0 using the v 0 (see eq.
[5b]) because v 0 does not measure the true angle between the peaks in the performance landscapes (see "Results").
Data and Statistical Analyses. The data for the Drosophila melanogaster study were obtained from Lee et al. (2008) . The data for the Queensland fruit fly Bactrocera tryoni study were obtained from Fanson et al. (2009) . In brief, both studies used nutritional geometry to investigate the effects of protein and carbohydrate intake on life span, lifetime reproduction (total number of eggs laid), and reproductive rate (RR; number of eggs laid per day; for details, see "Supplementary Methods," available online in the supplemental material).
All analyses were performed in R version 3.4.0 (R Development Core Team 2017).
Step-by-step R scripts for the data analyses are provided in supplemental materials.
1 Performance landscapes were plotted using the Tps() function of the fields package (Nychka et al. 2017) . To obtain the point estimates for peaks and valleys in the performance landscapes on the absolute scale, we extracted the coordinates of the maximum and minimum fitted values of the function Tps, respectively. To obtain the slopes of P and C intake on life span, lifetime reproductive success (LRS), and RR, we used the function MCMCglmm() from the MCMCglmm package (Hadfield 2010) , with uninformative prior nu p 0:2, expected covariances V p 1, 400,000 iterations, a burn-in of 2,000, and a thinning parameter of 25 (as in Bunning et al. 2015) . No autocorrelation was detected in the model according to diagnostic trace plots. Model convergence and robustness to different prior parameters were tested by varying both V and nu. We observed a low standard deviation of the posterior mean, which corroborates the convergence and robustness of the models to different priors (see table S1, available online). As in studies using the angular method (Bunning et al. 2015; Rapkin et al. 2018) , 95% credible intervals (CIs) were calculated from the posterior distribution. For the comparison between the two species, we standardized the P and C intake as well as the trait values by mean subtraction, as described in "Results" (eqq.
[13], [14] ). To estimate the optimum region in the standardized performance landscapes, we used a support-vector machine regression model with the caret package (Kuhn 2017) , from which we could select the coordinates of the simulated P and C intake that resulted in the predictions that matched with the optimum region in the performance landscapes (for details, see "Supplementary Methods"). All data sets used in this study have been deposited in the Dryad Digital Repository (https://dx.doi.org/10 .5061/dryad.tp7519s; Morimoto and Lihoreau 2019) .
Results
The Vector of Position Approach Estimates the True Degree of Separation between Peaks in the Performance Landscape
To illustrate the advantage of the vector of position approach relative to the angular method, we analyzed and compared data from Lee et al. (2008) with both methods. This study explored nutritional trade-offs between life span, LRS, and RR in Drosophila melanogaster. Visual inspection of the performance landscapes indicates that life span is maximized in diets with a low P∶C ratio of ∼1∶16 and that LRS is maximized at a P∶C ratio of ∼1∶4, whereas RR is maximized at a P∶C ratio of ∼1∶2 ( fig. 2) .
Using which corresponds to a P∶C ratio of ∼1∶16, 1∶4, and 1∶2, as expected from visual inspection in Lee et al. (2008;  fig. 2A-2C ). We then calculated the angles v that separated the vectors → p i and found that the strength of the nutritional tradeoff was relatively high between life span and RR and low between life span and LRS and between RR and LRS (table 1). These estimates of the angles v were confirmed using values of a standard table for v based on the most commonly used P∶C ratios in nutritional geometry studies in Drosophila (see table S2 ).
We then calculated the Euclidean distance d between the peaks of expression of traits according to (table 1) . Together, these results confirmed the strong nutritional trade-offs among life span, LRS, and RR observed by Lee et al. (2008) and, more recently, by Reddiex et al. (2013) and Jensen et al. (2015) .
The comparison between the two methods shows that the vector-based approach estimates the true degree of separation between peaks in the performance landscape where the angular method can lead to inaccurate results and misinterpretation. In this example, we found a twofold overestimation of the angle separating the peaks of life span and RR when calculating v 0 compared with v and a fourfold overestimation of the angle separating the peaks of LRS and RR. Such overestimation of the distance between peaks using the angular method led to an erroneous interpretation of the P∶C ratio diets on which the peaks are maximized. A separation of 63.217 given for the vectors of life span and RR is equivalent to a separation between P∶C ratios of 2∶1 (high protein) and 0∶1 (pure sugar), which are considerably more distant in the performance landscape than the true P∶C ratios of 1∶16 to 1∶2 that maximized life span and RRs (for angles between commonly used P∶C ratios, see table S2). Moreover, the angular method suggested that there was a stronger nutritional trade-off between LRS and RR than between life span and LRS (see table 1 ). This misinterpretation was corrected by the vector of position approach, which revealed that the nutritional trade-off between LRS and RR is likely weak due to the proximity of the P∶C ratios maximizing these traits (i.e., P∶C ratios of 1∶4 and 1∶2, respectively). Furthermore, the inaccuracy in the estimation of the Euclidean distance between peaks was of ∼30.4% for LS and RR, ∼1% for LS and LRS, and 64.7% for LRS and RR, which likely contributed to the misinterpretation of the strength of the nutritional tradeoffs between LRS and RR described previously.
The Vector of Position Approach Can Be Used to Estimate Valleys in the Performance Landscape
Performance landscapes can yield much more information about the nutritional biology of animals than just peaks of trait expression. For instance, valleys (regions where the performances reach their minimum) can help identify the worst diets for the animals. The vector of position approach makes it possible to estimate such valleys, in contrast to the angular method, which uses regression models to estimate the coefficients of the vectors of slope. To exemplify this novel application, we calculated valleys and the separation between them in the performance landscapes of life span, LRS, and RR in the D. melanogaster data set (Lee et al. 2008 Lee et al. 2008 ) as calculated using the angular method (v 0 ; above the diagonal of the matrix) and the vector of position approach (v; below the diagonal of the matrix). Estimates (95% credible intervals) are given in degrees. LRS p lifetime reproductive success; RR p reproductive rate. Note: Shown are estimated P∶C ratios of the valleys in the landscapes for life span, lifetime reproductive success (LRS), and reproductive rate (RR) as calculated by the vector of position approach (data from Lee et al. 2008) . Data are estimates (95% credible intervals [CIs] ). that these life-history traits have the strongest nutritional trade-off among the traits measured in the study.
Vector Projections Can Be Used to Extract
Information from Vectors of Slope
The angle v 0 between vectors of slope contains important information about the relationship between P or C intake (or both) and the expression of the performance trait, as it reveals whether this relationship is positive, negative, or zero. Using the concepts of vector projection, the vector of slopes → a i can be used to quantify the influence of each nutrient on the expression of performance traits. For instance, consider a unit vectorâ i , a standardized vector with the same direction as the vector → a i but with length 1, obtained by dividing the vector by its length:
Using unit vectors, we can calculate the scalar projection (the "scaling factor") of the unit vectorâ B onto the unit vectorâ A ( fig. 2D, 2E ) as
The scalar projection compâ Aâ B measures how much of the vectorâ B is in the same direction as the vectorâ A (hence the saying "component of "â B ontoâ A ). Large values of the scalar projection compâ Aâ B indicate thatâ B shares a large component in the direction ofâ A , and therefore there exists only a weak potential for a nutritional trade-off between traits (e.g., fig. 2D ). Conversely, small values of the scalar projection compâAâ B indicate thatâ B shares only a small component in the direction ofâ A , and therefore there exists a strong potential for a nutritional trade-off between traits A and B (e.g., fig. 2E ).
We applied the vector of position approach to calculate the scalar projection of the unit vectorâ life span onto the unit vectorsâ LRS andâ RR on the D. melanogaster data (Lee et al. 2008) . The scalar projection of → a life span measures the magnitude of the vectorâ life span in the direction ofâ RR andâ LRS ; the larger the value of the scalar projection, the greater the component ofâ life span in the direction ofâ RR andâ LRS and thus the lower the potential for a nutritional trade-off between these traits. The results confirmed the stronger nutritional trade-off between life span and RR, as the scalar projection between the unit vectorsâ life span andâ RR was 0.053 (95% CI: 0.047-0.058), whereas the scalar projection between unit vectorsâ life span andâ LRS and betweenâ LRS andâ RR were 1.716 (95% CI: 1.632-1.799) and 10.039 (95% CI: 9.188-10.899), respectively. Note that these results corroborate our previous findings that the nutritional trade-off is weak between LRS and RR (tables 1, 3), as the scalar projection between unit vectorsâ LRS andâ RR was high.
Finally, we investigated which nutrient was likely to have the most influence in the trade-off between life span and RR. To do this, we inspected the direction of → a life span andâ RR on the Cartesian plane. Whileâ RR lies in the first quadrant with positive slopes for both P and C intake on RR, → a life span is located in the second quadrant, with a negative slope of P intake and a positive slope of C intake on life span. This suggests that the nutritional trade-off between life span and RR is driven by the opposite effects of P intake on life span and reproduction.
The Vector of Position Approach Can Be Used for More than Two Nutritional Dimensions
Our approach can in theory be applied to high-dimensional data ( fig. 2F ). To exemplify this functionality, we simulated the intake of protein (P), carbohydrates (C) and fat (F) on the expression of three hypothetical traits (i.e., trait A, B, and C), so that the vectors of position Note: Shown are comparisons of the standardized performance landscapes of reproductive rate between two fruit fly species: Drosophila melanogaster (data from Lee et al. 2008) and Bactrocera tryoni (data from Fanson et al. 2009 tween traits A and C than between traits A and B (see fig. S1 , available online). In principle, the vector of position approach can be applied to n number of nutrients. This is important because nutritional geometry studies increasingly investigate the effects of more than two nutrients on fitness traits (Gosby et al. 2014; Solon-Biet et al. 2014; Solon-Biet et al. 2015) , and visual inspections of nutritional trade-offs in high-dimensional spaces can be tedious (if possible at all).
The Vector of Position Approach Can Be Used for Comparing Species
An important advance of the vector of position approach is the possibility to compare traits or trade-offs within species (e.g., males and females) but also across species. In this latter case, the angle that separates the vectors of P and C intake is not sufficient because we are now interested in both nutrient intake as well as the expression level of the trait between species. For simplicity, let us consider two-dimensional vectors of P and C and this time include the third dimension to the vectors that describe the expression level of the trait ( fig. 3A ). This step is needed because the trait can be maximized in the same location in the nutrient space but with different expression levels (i.e., the difference may be on the Z-axis).
Consider the vector of position → p sp i as in equation (6). To work with different species, it is necessary to standardize the coordinates of the vector so that the vectors
The termsP,Ĉ, andŵ are the standardized values of the protein (P) and carbohydrate (C) intake and the trait of interest (w). Having defined the standardized position vectors → p sp 1 and → p sp 2 , we can use the vector of position approach to calculate the angle v that separates these two vectors. Here v also includes the differences in the expression of traits (on the Z-axis), which in biological terms can be interpreted as the difference in the maximum standardized expression of the trait of interest when species are at the peak in the performance landscape. It is also possible to calculate the directional angles a, b, and g separating the vector and the X-, Y-, and Z-axes, respectively, which provides information regarding the differences in standardized P and C intake as well as trait expression between species (fig. 3B ). The directional angles a, b, and g can be calculated as follows: 
If the peaks are located in the same region of the standardized performance landscapes, the angles a and b are likely to be similar between species 1 and 2, as the vectors → p sp i point in the same direction in space ( fig. 3B ). This property could be used to infer the mechanisms underlying the speciesspecific effects of nutrition on trait expression. For example, consider the X-axis as being P intake. If the angles a sp 1 and a sp 2 measure the distance between vectors and the X-axis, the angles a sp 1 and a sp 2 indicate how strongly the standardized optimal P intake influences the expression of traits for each species. If the difference between a sp 1 and a sp 2 is large, the optimal standardized P intake between species is located far from each other, and thus P intake is likely a key modulator of the differences in trait expression between the species.
To illustrate this approach, we compared the nutritional requirements for the RR of two fruit fly species: D. melanogaster (Lee et al. 2008) and Bactrocera tryoni (Fanson et al. 2009 ; fig. 3C-3E) . We standardized the performance landscapes of the two species according to equation (13). Using the previously described machine learning algorithm (see "Data and Statistical Analyses"), we estimated the region of the standardized peak in RR in the standardized performance landscape for both species ( fig. 3C-3E ) and used these values as the coordinates of the standardized vectors of position → p Drosophila and → p Bactrocera according to equation (12). We then calculated the average, the minimum, and the maximum values of the v angle separating → p Drosophila and → p Bactrocera . On average, we found that v p 21:287, with a minimum value of 11.307 and a maximum value of 29.887, suggesting a relatively large degree of separation between the expression of the trait between the two species.
We then investigated this separation in terms of P and C intake and expression level of the trait by calculating the angles a, b, and g between the vectors → p Drosophila and → p Bactrocera and the standardized X-, Y-, and Z-axes, respectively (table 3). We A, Schematic representation of a three-dimensional vector in a performance landscape of protein, carbohydrate, and trait expression. B, Directional angles a, b, and g. Top, figure orientated according to the Z-axis (perpendicular to the plane of the paper); bottom, figure orientated according to the Y-axis (perpendicular to the plane of the paper). C, Performance landscapes of reproductive rate (RR) of Bactrocera tryoni females (data from Fanson et al. 2009 ). The dashed line highlights the protein-to-carbohydrate ratio that maximizes the trait. D, E, Mean-standardized performance landscapes of the RR of B. tryoni (data from Fanson et al. 2009 ) and Drosophila melanogaster (data from Lee et al. 2008) , respectively. Purple highlights the region estimated as the peak in the performance landscape from the support-vector machine learning model. Data for the performance landscapes are available in the Dryad Digital Repository (https://dx.doi.org/10.5061/dryad.tp7519s; Morimoto and Lihoreau 2019) . found a marked difference in the angles a and g (∼217 and 167, respectively), whereas there was only a small difference for the angle b (∼97), suggesting that the difference in nutritional requirements for the RR of females of the two species are mainly driven by differences in species-specific standardized P intake and expression level of the trait.
Discussion
We build on recent analytical advances to introduce a generalized vector-based approach to quantify the strength of nutritional trade-offs in nutritional geometry data and compare them across studies. The vector of position approach strictly considers vectors of positions in the real positive region of the nutrient space, meaning that the approach calculates the true separation between key areas in the nutrient spaces (peaks and valleys) and hence the true strength of nutritional tradeoffs. This facilitates quantitative analyses of nutritional tradeoffs in a broad range of studies, including complex experimental designs considering multiple nutritional dimensions, and allows for the accurate inferences of the forces driving the nutritional trade-off in expression of life-history traits within and between species.
A major advantage of our approach in comparison with previous methods is that it is not constrained to two dimensions. Such generalization is key when dealing with three or more nutrients (or any other relevant food components) and in which data visualization can be difficult. Although initially developed for analyses with two nutrients (e.g., typically the macronutrients carbohydrates and protein; Simpson and Raubenheimer 1993) , nutritional geometry is increasingly used for exploring animal performances in high-dimension nutrient spaces, as illustrated by recent data on the importance of carbohydrates, protein, and fat in reproduction, life span, and other aspects of animal health (Hewson-Hughes et al. 2011 Gosby et al. 2014; Solon-Biet et al. 2014 . There is also growing interest in investigating the effects of other food components, such as individual fatty acids (Arien et al. 2015) , mineral salts (Simpson et al. 2006) , water (Fanson et al. 2012) , or even individual amino acids (e.g., Grandison et al. 2009; Arganda et al. 2017; Piper et al. 2017) , which may soon require analyses in nutrient spaces with as many as 22 dimensions, for which visual inspections of nutrient spaces or inaccurate estimates of distance between performance peaks will not suffice. Our approach therefore provides a unique solution to quantify these complex nutritional trade-offs.
The vector of position approach also allows for quantitative explorations of global patterns in the performance landscapes that can yield important, yet often ignored, information about how nutritional trade-offs are resolved within and across life stages. For instance, in drosophilids nutritional geometry studies show that both larval and adult diets modulate reproduction and other fitness-related traits in adulthood (e.g., Lee et al. 2008; Reddiex et al. 2013; Jensen et al. 2015; Matavelli et al. 2015; Morimoto and Wigby 2016; de Carvalho and Mirth 2017; Silva-Soares et al. 2017) . The vector of position approach allows for the comparison of the performance landscapes in groups where the larvae, adult, or both are fed different diets, providing a powerful quantitative framework for understanding the effects of nutrition on an organism's ontogeny.
Another major advance of our approach is the possibility of comparing performance landscapes across species. Comparative studies of nutritional traits can yield many fundamental insights into the role of nutrition in the evolution of physiological and behavioral strategies and ecological processes across species (Behmer and Joern 2008) . For instance, primate comparative research shows that nutrient availability in ancestral diets has shaped appetite and food selection that vary greatly among species (Felton et al. 2009; Rothman et al. 2011; Johnson et al. 2013) , providing key insights for our understanding of the current human obesity epidemic . By reanalyzing two published data sets in fruit flies using the vector of position approach, we quantified species-specific differences in female RR and identified that this difference is driven by differences in species-specific standardized protein intake and expression level of the trait. A potential explanation for this result is that Lee et al. (2008) used mated female Drosophila melanogaster that require increased protein intake for egg production (Yapici et al. 2008; Ribeiro and Dickson 2010; Gligorov et al. 2013; Perry et al. 2013; Walker et al. 2015) , while Fanson et al. (2009) used unmated female Bactrocera tryoni; thus, future studies using standardized protocols are called for. In future research, accurate quantification and comparisons of performance landscapes in species exhibiting different social lifestyles will help investigate the role of nutrition in social evolution (Lihoreau et al. , 2017 , for instance, to explain social transitions from solitary to gregarious stages (Simpson et al. 2006) . Comparative analyses can also reveal key adaptations to past and present ecological conditions that underpin species niche occupation and determine the responses to new nutritional conditions that arise through environmental changes. In this context, the vector of position approach could be implemented to attain a more detailed characterization and comparison of performance landscapes across social species or species occupying different ecological niches. This could allow, for example, testing of previous models suggesting that specialist species are likely to have a sharp peak in the performance landscape surrounded by valleys due to low tolerance for diet diversity, whereas generalist species are likely to have a broader peak in the performance landscape with relatively few valleys due to high tolerance for diet diversity (Simpson et al. 2004; Behmer 2009 More generally, our analytical approach can help study how complex nutritional processes interact across levels of biological organization. The vector of position approach is highly flexible and can facilitate comparisons of the performance landscapes of a wide range of interacting agents beyond just conspecifics or competitors, such as host and parasites as well as hosts and microbiota. This is important because nutrition is a key factor modulating the stability of many of these interspecific associations (Ponton et al. 2011; Wong et al. 2015) , which are known to have major influences on the survival and fitness of individuals (e.g., Coyte et al. 2015; Rosshart et al. 2017; Keebaugh et al. 2018 ; and references therein). Thus, implementing the vector of position approach in quantitative analyses of the performance landscapes of the microbiota or pathogen and the host can help identify the nutritional conditions in which stability is achieved and potential evolutionary conflicts are resolved, hence favoring the emergence and maintenance of interspecific associations (e.g., Shik et al. 2016 ). All of these comparisons are currently made by eye or are statistically compared in two-dimensional spaces, and therefore quantitative approaches such as the one proposed here yield considerable promise for understanding the role of nutrition in the evolution of animal physiology, behavior, and ecology.
Data availability. All data sets are available in the Dryad Digital Repository (https://dx.doi.org/10.5061/dryad.tp7519s; Morimoto and Lihoreau 2019) . All code is provided as supplemental material.
